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Blocking of HIV- 1 Infectivity by a Soluble, Secreted 
Form of the CD4 Antigen 

Douglas H. Smith, Randal A. Byrn, Scot A. Marsters, 
Timothy Gregory, Jerom e E. Groopman, Daniel J. Capon 

The initial event in the infection of human T lymphocytes, macrophages, and [other 
cells by human immunodeficiency virus (HTV-1) is the attachment of the HTV-1 
envelope glycoprotein gpl20 to its cellular receptor, CD4. As a step toward designing 
antagonists of this binding event, soluble, secreted forms of CD4 were produced by 

with an affinity and specificity comparable to intact CD4 and is capable of neutrahzmg 
the infectivity of HTV-1. These studies reveal that the high-affinity CD4-gpl20 
interaction does not require other cell or viral components and may establish a novel 
basis for therapeutic intervention in the acquired immune deficiency syndrome 
(AIDS). 



THE PRIMARY IMMUNOLOGIC AB- 
normality resulting from infection by 
the human immunodeficiency virus 
(HIV-1) is the progressive depletion and 
functional impairment of T cells expressing 
the CD4 antigen (2). CD4 is a nonpolymor- 
phic surface glycoprotein with partial se- 
quence identity to immunoglobulins (2). 
The CD4 and CD8 antigens define distinct 
subsets of mature peripheral T cells, whose 
ability to interact with antigen is restricted 
by the expression of class II and class I major 
histocompatibility antigens on the antigen- 
presenting cell, respectively (3). Most CD4 + 
T cells have helper/inducer function, al- 
though some have cytotoxic/suppressor ac- 



vTOi gpl20 also plays a critical role in the 
formation of multinucleated giant cells by 
cell fusion, the major cytopathic effect in- 
duced by HTV-1 (9, 10). Fusion of uninfect- 
ed CD4 + cells with HTV-1 infected cells is 
blocked by antibodies to CD4 (9); further- 
more, cells producing HTV-1 env polypep- 
tides in the absence of other viral gene 
products efficiendy induce the fusion of 
uninfected CD4 + cells (11). Given its essen- 
tial role, the interaction of gpl20 with CD4 
is probably not significantly affected by ge- 
netic variation among HTV isolates (22), 
and thus provides an attractive approach to 
therapeutic intervention against HTV-1 
(13). One successful strategy for the treat- 
ment of receptor-mediated abnormalities 
has been the design of antagonists that block 
binding of the natural ligand (14). To begin 
development of inhibitors of HTV-1 attach- 
ment and gpl20-mediated cell fusion, we 
have produced soluble CD4 analogs with an 
affinity for gpl20 comparable to that of 
intact CD4. The ability of soluble CD4 to 
efficiently neutralize HTV-1 infection of 
CD4 + cells in vitro suggests the potential 
application of such molecules in the treat- 
ment of AIDS and related conditions. 

The CD4 precursor consists of a signal 
peptide, a 370-amino acid extracellular re- 
gion containing four immunoglobulin-like 
domains, a membrane-spanning domain, 
and a charged intracellular region of 40 
residues (2) (Fig. 1). We previously ex- 
pressed the intact CD4 antigen in Chinese 
hamster ovary (CHO) cells under the tran- 
scriptional control of the SV40 early pro- 
moter; the CD4 expressed by these cells is 
located on the cell surface and binds gpl20 
(15). To produce soluble versions of CD4, 
replaced the transmembrane domain, 



the cell surface, and the cytoplasmic domain, 
with a short linker sequence containing an 
in-frame stop codon. The resulting truncat- 
ed CD4-encoding cDNAs were inserted 
into expression vectors (15) and examined 
for the ability to direct the biosynthesis and 
secretion of CD4 antigens. Two constructs 
were studied: the first included the natural 
signal sequences of CD4 itself (CD4T), 
while in the second the CD4 leader was 
replaced by the signal peptide and first 27 
amino acids of the glycoprotein D (gD) of 
herpes simplex virus type I (GDCD4T) 
(Fig. 1). 



tivity, usually associated with CD8 + T cells 
(4). The ability of HTV-1 to selectively 
infect, replicate in, and destroy CD4 + T 
cells in part explains the loss of CD4 + 
helper/inducer function characteristic of 
AIDS (5). That the CD4 molecule itself is 
the cellular receptor for HTV was first sug- 
gested by the ability of antibodies to CD4 to 

block HTV-1 infection and syncytia indue- — — - rwumient 

tion (6), and confirmed by the detection of ^^tLi^^^^ 

CD4 binding to gpl20, the major envelope Bruno Boulevard, South San Francisco, CA >M08a 

giycop.oJVSv-. (7), ^finding i^J£SS5SSST^& 

that nonpermissive human cells are rendered ^ School, New England Deaconess Hospital, Boston, 

susceptible to HTV-1 infection after the 
stable expression of a CD4 complementary 



DNA (cDNA) (8). The interaction of CD4 
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Celkrransfeaed with plasmids encoding 
JMaa CD4 or other truncated polypeptide 
*ere metabolically labeled with ["S]me- 
iioninc; cell lysates and clarified cell culture 
nedium were then analyzed by immuno- 
'recipitation with monoclonal antibodies 
eacrive with CD4. Vectors encoding intact 
:D4 directed the synthesis of a cell-associat- 
d 55-kD polypeptide, with no evidence for 
CD4-related antigen detectable in the cul- 
Jrc fluid (Fig. 2A). In marked contrast, the 
:D4 polypeptides produced by cells trans- 
ited with vectors encoding CD4T and 



tT were present largely in the cul- 
ture media, although in each case a faster 
migrating putative intracellular precursor 
protein was detected in cell lysates (Fig 
2A). Whereas a single diffuse band was 
observed for intact CD4, suggesting hetero- 
geneity due to glycosylation, CD4T and 
GDCD4T were represented by three dis- 
tinct species of M T 51,000-55,000 and 
53,000-57,000, respectively (Fig. 2A) No- 
tably, each GDCD4T band was 2 kD larger 
than its CD4T counterpart, confirming the 
presence of the gD-derived residues. 



•9- 1. Structure of intact and 
Jncated derivatives of the 
34 polypeptide. The numbers 
the top indicate, the position 
:thin the CD4 amino acid sc- 
ience, starting at the amino 
:minus of mature CD4. The 
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To determine whether soluble CD4 is 
capable of binding gpl20, we used a coim- 
munoprecipitation assay to demonstrate the 
formation of CD4-gpl20 complexes (7) 
S-Labeled recombinant gpl20, prepared 
by metabolic labeling of CHO cells secreting 
a soluble form of gpl20 (16), was incubated 
either with detergent-solubilized intact 
CD4, supernatants from cells secreting 
CD4T or GDCD4T, or supernatants from 
mock-transfeaed cells. After the binding 
reaction, immunoprccipitations were carried 
out with gpl20-reactive serum from an 
AIDS patient or with the monoclonal anti- 
body OKT4, which recognizes CD4-gpl20 
complexes (7). As a control for the specific- 
ity of complex detection, precipitations were 
also carried out with the monoclonal anti- 
body OKT4A, which blocks the binding of 
HIV-1 to CD4, and thus lacks the ability to 
precipitate CD4-gpl20 complexes (7). After 
incubaoon of rgpl20 with solubilized intact 
CD4 or either soluble CD4 analog OKT4 
coprecipitated a level of 35 S-rgpl20 similar 
to that detected by direct precipitation with 
AIDS serum; in contrast, no rgpl20 precip- 
itate was observed after incubation with 
supernatant from mock-transfected cells 
(Fig. 2B). Neither OKT4A nor normal se- 
rum coprecipitated rg P 120 after incubation 
with meet or secreted CD4, confirming 
that precipitation of rgpl20 by OKT4 re- 
flected the formation of CD4-gpl20 com- 
plexes (Fig. 2B). To provide additional con- 
firmation for the interaction of rgpl20 and 
soluble CD4, we conducted coprecipitation 
experiments with 35 S-labeIed soluble CD4 
and unlabeled rgpl20. Serum from the 
AIDS patient coprecipitated soluble CD4 
polypeptides only if rgpl20 was included in 
the binding reaction (Fig. 2C). 

To determine the affinity constant for this 
interaction, we carried out saturation bind- 
ing analysis with soluble CD4 and deter- 
gent-solubilized intact CD4 using radioiodi- 
nated rgpl20. So that the data for soluble 
and intact molecules would be comparable, 
the nonionic detergent NP40 was included 
in binding reactions at the concentration 
used to release intact CD4 from cells. All 
three forms of the CD4 molecule were 
bound saturably by rgpl20, and yielded a 
simple mass action binding curve (Fig. 3). 
Supernatants from mock-transfected cells 
gave a level of specifically bound rgpl20 less 
than 1% that observed with supernatants 
containing soluble CD4. Scatchard analysis 
revealed a single class of gpl20 binding sites 
on each molecule, with apparent dissocia- 
tion constants (K d ) of 1.3 x 10~ 9 yV/ 
0.83 X 10~ 9 M, and 0.72 x 10" 9 Af for 
CD4, CD4T, and GDCD4T, respectively 
The values obtained for CD4-gpl20 bind- 
ing in solution are comparable to the affinity 



wc have measured for rgpl20 binding~cf 
CD4 on whole cells (K d = 4.0 x 10"^ 
(15). 

Given the high affinity of soluble CD4 for 
gpl20, wc examined its ability to block 
HTV-1 infection in vitro. One hundred 
TCID 50 units (50% tissue culture infective 
dose) of HTV-1 isolate HTLV-III B were 
incubated with supematants containing 
CD4T or GDCD4T, or supematants from 
mock-transfeaed cells, and then added to 
cultures of the CD4 + H9 human T cell line 
(17) ; incubation in the presence of the ap- 



propriate supernatant was continued for 3 
days. After 7 days, cells were analyzed by 
indirect immunofluorescence with the use of 
a serum with high antibody titers to HTV-1 
proteins, and culture supematants were as- 
sayed for reverse transcriptase activity. Both 
forms of soluble CD4 virtually abolished the 
growth of HTV-1 when incubated with vi- 
rus-infected cells without prior dilution (Ta- 
ble 1). At a dilution of 1 : 4 the soluble CD4 
preparations were only partly effective in 
inhibiting virus growth; however, the levels 
of fluorescence-positive cells and reverse 
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i^rvRscnptase were still significantly lower 
than in cultures receiving mock-transfected 
cell supernatant. Since there was no signifi- 
cant difference in virus growth between 
diluted and undiluted control supematants, 
and since none of the supematants affected 
the growth of uninfected H9 cells, we con- 
clude that soluble CD4 was responsible for 
the neutralization of HTV-1. 

These results show that the gpl20 bind- 
ing domain of CD4 lies in its extracellular 
region and that high-affinity binding occurs 
in the absence of other components on 
CD4 + T cells and HTV-1. The ability of 
soluble CD4 to prevent infection by free 
HTV-1 probably results from the saturation 
of virion-associated gpl20 with soluble re- 
ceptor, thus interfering with the adsorption 
of virus to the cell. While it is premature to 
assess the clinical significance of these find- 
ings, it is possible to conceive of therapeutic 
modalities in which soluble CD4 could alter 
the pathogenesis of HTV infection. In addi- 
tion to restricting the dissemination of infec- 
tion by released virus, soluble CD4 might 
Total gpi 20 (nM) exert a b y sequestering free gpl20 

Fig. 3. Saturation binding analysis of gpl20 binding to intact and secreted CD4. Detergent lysates of shed by HTV- ^infected cells. For example 
3 «prS CD4 (A?, or supemalants from cells secreting CD4T (B), or GDCD4T (C) were Lyerly et al. (18) have shown that uninfected 
incubated with increasing concentrations of pure rgpl20 (16) radioiodinated with lactoperoxidase (22 . C D4 + lymphocytes that have bound gpl20 
CD4-gpl20 complexes were quantitated by immunoprecipitation with OKT4 (Ortho) (21). Specifical- j^-^g targets for antibody-dependent cel- 
ly bound ,2J I-gpl20 was determined from the difference in binding in the presence and absence rof 50 ^^ity. Soluble CD4 might also be 

, . . /a.74-fold excess}, and is plotted aeainst the total ,25 I-gpl20 concentration luiar cyioxicuy. oumuit v, &. 




lie of unlabeled repl20 (2:74-fold excess), and is plotted against the total l25 I-gpl20 . . . . .. c ■ 

S ° The c^es ^resent the best fit determined by unweighted least-squares nonlinear regress.on capable of inhibiting the cell-fusing activities 
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of HTV-1 which play an important role ii 
the formation of multinucleated giant cells 
and the spread of infection by cell-cell fusion 
and appear to require a CD4-gpl20 interac- 
tion (6,9, 11). Sera from HTV-l-infected 
Table 1. Neutralization of HTV-1 infectivity by soluble CD4 analogs. A modification of the individuals, while capable of neutralizing 
neutralization procedure of Robert-Guroff et al. (28) was followed. Equal volumes of inhibitor free virus infectivity, have only a limited 
supernatant and virus (60 ul) were incubated at 4°C for 1 hour, then the same volume of H9 cells (19) ^^ry to inhibit HTV- 1-induced cell fu- 
' 10 6 per milliliter was added and incubation continued for 1 hour at 37°C. After adwrpnon, ^ ^ ^t^n may ^ the conS e- 



analysis. Scatchard analysis of the data is shown in the insets; the line drawn represents the best fit 
determined by unweighted least squares linear regression analysis. The dissociauon constants (JC d ) thus 
obtained for rgpl20 binding to CD4T, GDCD4T and intact CD4 were (0.84 ± 0.10) 
(0.72 ± 0.13) x 10- 9 Af, and (1.3 ± 0.11) x lO^Af, respectively (data presented are the 
± SEM of two experiments). 



2 5 x 10 5 cells in 150 (d were transferred to 2 ml ot incuDanon media. Ancr * aays « v., u. t - ■ m ,^„„ n f c, au cnce 

adtures were split 1 : 2 with fresh medium and incubated for an additional 3 days. An equal portion of quence of the moderate degree of 
each culture was harvested, and reverse transcriptase activity and immunofluorescence rcacnvity with heterogeneity found at a_putanve con- 



HIV-1-positive serum were determined as described (18). Inhibitor supematants consisted of tact S [ K within gpl20 (15). In this respect, 

transfected cell cultures or mock— transfected cultures, in RPMI 1640 medium containing 20% fetal calf ftmctional constra ints on gpl20 structure 

serum. Inhibitor supernatant replaced part or ^*S" M ^ n ^*^S townS "lay bestow a critical advantage on soluble 
culture as indicated. Challenge dose of virus was 100 TCID50 of HIV- 1 strain HTLV-I11 B grown in ny } ^ • , n rihnHiM in its abil- 

cells (19) assayed in the sanTe system. The incubation medium was RPMI 1640 containing 2 mM l- CD4 over neutrahzmg anybodies in its abu 

glutamine, 100 U/ml of penicillin, 100 ug/ml of streptomycin, 2 ug/ml of polybrenc, and 20% fetal calf ity to block the CD4-gpl20 interaoon. 

serum (M.A Bioproducts). ^^^^^ 
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supernatant 


Dilution 


Indirect 
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transcriptase 
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Interleukin-2 is an effector protein that participates in modulating the immune 
response; it has become a focal , point for the study of tymphokine structure and 
tuncoon. The three-dimensional structure of the interleukin molecule has been solved 
to 3.0 angstrom resolution. Interleukin-2 has a novel alpha-helical tertiary structure 
that suggests one portion of the molecule forms a structural scaffold, which underlies 
the receptor binding facets of the molecule. 
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INTERLEUKIN-2 (IL-2) IS A LYMPHO- 
kine protein produced by antigen- or 
mitogcn-stimulated T lymphocytes 
whose first documented activity is to stimu- 
late proliferation of LL-2-dependent T cells 
(7). It modulates immunological effects on 
cytotoxic T cells (2, 3), natural killer cells (4, 
5), activated B cells (6, 7) and Iymphokine- 
activated cells (8, 9). IL-2 asserts its effect by 
binding a specific high affinity receptor on 
the surface of target cells; consequendy, the 
IL-2 molecule has become a focal point for 
studying receptor-effector interactions that 
modulate cell proliferation in the immune 
response. 

The high affinity (K D ~10~ U M) recep- 
tor responsible for mediating the effect of 
IL-2 on target cells consists of two distinct 
membrane-bound proteins of size 55 kD 
(p55 or Tac) and 75 kD (p75); each of these 
two proteins can act by itself as an apparent 
low afiinity (K D -~10~ S M) receptor for IL- 
2, and both are required for IL-2 activity 
(10). This suggests that IL-2 must simulta- 
neously bind both p55 and p75 to form a 
trimeric complex for activity, and by infer- 
ence, that IL-2 must have two separate 
receptor binding sites. 

Knowledge of the three-dimensional 
structure of IL-2 should provide a founda- 
tion for systematic delineation of its receptor 
binding sites, as well as an evaluation of the 
accuracy of recent predictions of its struc- 
ture (77, 72). We reported earlier the low 
(5.5 A) resolution structure of IL-2 (73); we 
have extended these crystallographic results 
to 3.0 A resolution, and now describe the 
overall tertiary structure of IL-2. 

The purification, crystallization, and ini- 
tial structure determination to 5.5 A resolu- 
tion of human recombinant IL-2, as well as 
structural work reported by others, have 
been described (73). Briefly, we have found 
that IL-2 and an analog in which Cys 125 has 
been replaced with alanine (fAla l23 ]IL-2) 

B J. Brandhuber and D. B. McKay, Department of 
Chemistry and Biochemistry, University of Colorado 
Boulder, CO 80309. 

J. Boone and W. C. Kenny, Amgcn, 1900 Oak Terrace 
Lane, Thousand Oaks, CA 91320. 



6 October 1987; accepted 30 October 1987 To whom correspondence should be s, 



J EC EMBER 1987 



crystallize isomorphously in the triclinic 
space group PI, with unit cell parameters 
a = 55.8 A, b = 40.1 A, c = 33.7 A 
a = 90.0°, B = 109.3°, and 7 = 93.2°. The 
unit cell contains two molecules related by 
near-2| symmetry. With rare exception, an 
unusual twinning of the crystals leads to 
overlap of reflections from the two contrib- 
uting twins for reciprocal lattice indices 
k = 0, ±6, ±7, ±12, ±13,.... 

Data were collected by diffractometer, 
processed, and scaled (73); multiple heavy 
atom isomorphous replacement (MIR) 
phasing statistics are summarized in Table 1 . 
Two crystals that were essentially single 
(showed no significant twinning) allowed us 
to collect data on reflections that overlap in 
twinned crystals for the native and mercury 
phenyl glyoxal data sets in [AJa ,25 ]IL-2 crys 
tals to 3.5 A resolution. Reflections that 
overlapped because of the crystal twinning 
for the other heavy atom derivatives were 
discarded from the computations. 

Solvent flattening was used to improve 
the quality of the 3.0 A phases. In our 
implementation of the method, envelopes 
oudining each molecule in the unit cell were 
constructed and digitized; the envelope en- 
compassed 27.3 percent and 27.0 percent of 
the cell volume for the first and second 
molecule, respectively, leaving 45.7 percent 
as solvent. Iteratively, maps were computed 
on a 1 A grid, the solvent density was set 
equal to its average value, and the protein 
density was left unmodified; the solvent- 
flattened map was Fourier-transformed to 
produce calculated structure factors (F ca i c ), 
the LF caJc l's were scaled in shells of resolu- 
tion to the measured native structure factor 
magnitudes (\F obs \), and Sim-weighted cal- 
culated phases were combined with MIR 
phases by direct multiplication of their 
phase probability distributions to yield com- 
bined phases. The combined phases were 
then used to calculate a new map. 

After several cycles, the overall agreement 
between observed and calculated structure 
factors, 

R = 2|lf calc l - lF obs l|/SlF obs l 
summed over all contributing reflections, 



